Projected increasing temperatures and reduced summer rainfall in the UK pose a 3 sustainability and food security challenge for the agricultural industry. This study investigates 4 the potential impact of precipitation changes on Eastern England sugar beet yield. 5
Precipitation changes and impacts on agriculture 26 27
Climate change is one of the biggest challenges facing societies today and reviews of its 28 impacts on agriculture have shown considerably more negative effects than positive (IPCC, 29 2014). The reason for this is because agriculture is inherently sensitive to climate: any 30 change in climate will almost certainly affect plant growth positively or negatively. These 31 effects are already detectable where, for example, temperature changes have been shown 32 to have an impact on growing season (Menzel et al., 2006) . This type of sensitivity is 33 reflected where and when food prices increase following cases of extreme weather events in 34 food producing areas (IPCC, 2014) . In the light of this, it is important to understand potential 35 impacts of climate change for different regions to enable the agricultural industries to 36 prepare and adapt to the changes that are likely to occur. flood resulted in more than 44,000 ha of farmland being underwater for more than one day 46 and 40% of that area (17,800 ha) being flooded for 15 days causing significant damage to 47 the farmland and harvest ready crops, and loss of income to the farmers (DEFRA, 2014) . 48
49
These extreme events are likely to become more frequent and more intense (IPCC, 2013) 50 but the impact on crop yield from extreme events is difficult to calculate and adapt to: in the 51 isolated regions where the floods occur, yield is reduced to zero but other areas may not be 52 affected. Furthermore, analyses of extreme events over future timescales are likely to be 53 dominated by uncertainty due to the nature of modelling studies (Maraun et al., 2010) . 54
Conversely, a more climatological analysis has the potential to produce results that can 55 more confidently be used to plan and adapt operating practices. There are robust signals in 56 climatic variables on the seasonal timescale, including precipitation, which can be used to 57 understand potential future impacts. For the UK, this signal tends to be wetter winters and 58 drier summers (UKCP, 2009; IPCC, 2013) . How this will impact agricultural yields requires 59 further investigation. 60 storage root formation (e.g. Brown et al., 1987; Rytter, 2005) ; and leaf growth (Rytter, 2005) . 103
104
As sugar beet is economically significant in the UK and is sensitive to water supply, we 105
consider it an ideal crop to investigate in the context of future changes in precipitation. 106
Furthermore, there are currently no sugar beet growing experiments in the literature that are 107 informed by ensemble model projections -one of the aims of this paper is to address this. 108 109
Aims and scope 110 111
The main aim of this study was to understand the impact of climatological precipitation 112 changes in Eastern England on sugar beet yield. State-of-the-art ensemble climate model 113 projections will be used to inform a greenhouse experiment in a novel way. In this paper, the 114 following results are presented and interpreted: 115
116
• An examination of precipitation data from weather station observations and climate 117 model projections for Eastern England; 118
• A series of watering regimes, calculated from the precipitation examination, which 119 represent the climatological precipitation levels delivered to Eastern England for 120 "present day" and "future" climate scenarios; and 121
• Measures of sugar beet productivity from a greenhouse experiment, where 150 sugar 122 beet plants were grown with the application of the calculated watering regimes. 123
124
This investigation only considered climatological changes in the precipitation over the sugar 125 beet growing season. Wet and dry tuber mass were used as the main measure of sugar beet 126 productivity. The changing nature of precipitation event size and frequency, and the sugar 127 concentration of the tubers, were not examined in this study. Furthermore, this work only 128 considers the impact of the different watering regimes on the plants once they were 129 developing a tuber; all plants were treated equally through the germination and juvenile 130 stages so that the impact on yield could be assessed and not the impact on germination. 131 Furthermore, the historic, longer term relationship between farm yield data and precipitation 132 was not investigated here. 133 October) precipitation in a series of regular and equal watering events. In short, all the plants 177
were watered every other day (i.e. watering day -dry day -watering day -dry day and so 178 on) with the same amount of water per watering day for each watering regime. This method was successful in terms of germination: 298 seedlings emerged out of the 300 234 seeds sown. Plant seedlings were thinned at their 4-6 leaves growth stages from two to one 235 seedling per pot to encourage uniform establishment. 236
237
As described in Section 2.2, the plants were subsequently classified into the "control" and 238 "future" watering regimes at the 10-12 leaf growth stage. The pots for the plants in each 239 regime were colour coded and colour coded measuring cylinders were used to add the water 240 so that the potential for human error was reduced to a minimum. Each plant was assigned a 241 number so that growth and yield parameters could be recorded for specific plants. weighed without the leaves -these measurements are reported here as the "wet" weight. 258
The tubers were then labelled with their numbers and put in open transparent bags so that 259 the yield data could be added to the database of growth parameters recorded over the 260 growing season. Analysis of the dry weight of the tubers was conducted using a laboratory 261 method to remove the moisture content. Obtaining the dry weight was done by cutting each 262 tuber into smaller pieces to speed the drying rate. The size of the pieces was kept as equal 263 as possible for all tubers so that drying rates were as equal as possible. A tuber of median 264 size was cut into 8 pieces whereas larger (smaller) tubers were cut into more (fewer) pieces. 265
The pieces were put into individual aluminium trays and numbered for identification purposes 266 and then put inside an oven for drying at 80 °C until constancy, as per Mohammadzadeh 267 and Hatamipour (2010). The cut tubers were weighed periodically, typically every 2 hours, 268 until there was no more appreciable change in weight. At this point the value was recorded 269 as the "dry" weight. 270 271 Measurements and data collected at different stages of the plants' growth, and following 272 harvest, were statistically analysed to enable quantification of impacts. All measured 273 parameters were tested for normality, which then determines the type of statistical test to be 274 carried out. Parametric tests were conducted where data was normal and non-parametric 275 tests were conducted where data was skewed. Following this, a two tailed t-test was carried 276 out for the two watering regimes. The outcome of the experiment was assessed using the 277 null hypothesis: "there is no difference in the categories". Therefore, applying a confidence 278 interval (CI) of 95% with alpha set at 0.05%; the p-value then gives an indication if significant 279 differences exist in the parameters assessed. 280 the farming region. These 3 models -CCCma, MOHC and EC-Earth -will be discussed 292 further whilst the remaining 5 were rejected at this point. 293
294
The range and distribution of the modelled precipitation from these 3 models are not as wide 295 as those of the observations but this is to be expected as models do not represent the 296 extremes of precipitation variability well (Maraun et al., 2010) . Again, this is not seen as a 297 problem here as we are examining mean conditions and not extremes. Nonetheless, the 298 distribution of precipitation from the MOHC HadGEM2-ES model is much closer to that of the 299 observations than the CCCms and EC-Earth models. Therefore, the MOHC HadGEM2-ES 300 projections will be used in further calculations in this paper. Furthermore, Brands et al. Table 3 shows the means of the final set of non-destructive measurements taken. Only the 341 final values are presented here because these data give an indication of the ultimate effect 342 of the different watering regimes. In all cases, the "control" group had higher values than the 343 "future" group but the difference between the groups was not statistically significant. 344 345
Wet yield 346 347
All the sugar beet tubers were harvested on 23 November 2014 (Day 220). The mean "wet" 348 tuber mass was calculated for both regimes with the "control" having a mean tuber wet 349 weight of 359.5g and the "future" with 318.5g. Figure 4a shows the boxplot of the wet yield 350 data and Figures 4b and 4c show histograms of the complete data sets, which clearly have 351 different distributions. An independent sample t-test was performed on these data with the 352 hypothesis that there is no difference in the mean tuber mass of the "control" and "future" 353 watering regimes. These calculations were based on mean statistics and normality of data 354 of the "control" and "future" data sets. Statistical analysis of the dry weight showed that the 362 control group had a mean of 95.2g (73.5% reduction from the "wet" weight) and the future 363 group a mean of 88.2g (72.3% reduction). This result equated to a p-value of 0.11 with a null 364 hypothesis that there was no difference between the watering regimes. This indicates that 365 the statistical significance of this result is just outside of the 10% level often applied to 366 determine significance. This, by implication, suggests that the difference in mass is a result 367 of the different moisture content in the tubers of both watering regimes. Despite the lack of a 368 statistical basis for rejecting the null hypothesis, there are still differences worthy of 369 comment. In particular, the largest tubers from the "control" group (i.e. greater than 150g) 370 are absent from the "future" group and the mean for the "future" group is noticeably lower. 371 372
Soil moisture 373 374
The mean growing season (May-October) soil moisture data collected during the watering 375 regimes is shown in Figure 6a and the mean monthly soil moisture data are presented in 376 Figure 6b . The difference between the two watering regimes was assessed using the null 377 hypothesis that there was no difference in the two groups. The result of the independent 378 sample t-test carried out using a 95% confidence level showed a significant reduction in the 379 level of soil moisture in the future category with a p-value of 8.7 x 10 -06 . In short, the analysis 380 showed that the future group had a significant reduction in soil moisture. 381
382
To further examine the impact on yield, the relationship between soil moisture and wet tuber 383 mass was examined using the Pearson Correlation test. This showed that 43% of the 384 variability in wet mass in the "control" group could be explained by the variability in soil 385 moisture. Conversely, 57% of the variability in wet mass in the "future" group could be 386 explained by the variability in soil moisture. In summary, there was a strong negative linear 387 relationship between the yields and soil moisture in the experiment. 388 showed large leaves are usually the first to diminish at the first sign of water stress. 452 Importantly, the wilting of the leaves did not affect one watering regime more than the other 453 and, therefore, the results of the experiment were not biased by the extreme weather events. 454
In spite of this, plants from both categories exhibited remarkable characteristics of 455 adaptability in their high rate of recovery after watering following each stress episode. Figure  456 6b shows the impact that the high temperature had on soil moisture in July. It is important to 457 discuss wilting because the leaves capture the energy that is converted to sugar and, in so 458 doing, play a key role in the final yield of the crops. Hsaio (2000) reported that a number of 459 plant functions are affected under water stress conditions but the leaves are usually the first 460 to be affected by wilting. Milford and Lawlor (1976) of water in the soil. Analysis of the bi-weekly soil moisture measurements showed a 493 statistically significant difference between the two groups. These results confirm that the 494 experimental design had a direct impact on the growing environment, which was then 495 reflected in the "wet" yield data: the mean mass of the "control" category was 359.5g; the 496 mean in the "future" group was 318.5g. This is consistent with Richter et al. (2006) , who 497 modelled the response of UK sugar beet under climate change and found that water will be a 498 major stress factor in future and relative soil moisture will be reduced under a high 499 greenhouse gas emissions scenario. 500 501 F o r P e e r R e v i e w
16
The "dry" mass of plants in both groups did not indicate a significant difference (p=0.11). 502
This implies that the difference in the tuber mass of both groups was, to a certain extent, a 503 result of water retention. There was, nonetheless, a noticeable difference in the mean of the 504 two groups, which would have been mostly linked to sugar content because once the water 505 has been removed from the tuber, the majority of the remaining mass will be sugars. Investigations into the effect of other variables are also required. Nonetheless, the 519 observations from this experiment also show that sugar beet is relatively resilient to 520 increased temperatures and that the overall sugar content of the crop is not particularly 521 sensitive to a moderate (16%) decrease in seasonal water availability. 522 523
Conclusions 524 525
The experimental implementation of a 16% water reduction applied to sugar beet plants 526 grown in a greenhouse implies that reduced summer rainfall will have a significant impact on 527 soil moisture (12% decrease; p<0.05) and "wet" sugar beet yield (11% decrease; p<0.05). 528
This relatively small "precipitation" decrease was calculated from a comparison of the MOHC 529
HadGEM2-ES CMIP5 daily precipitation field of the mean of the medium and high 530 greenhouse gas emissions scenarios (RCP45 and RCP85; 2021-2050) with model output 531 from the "historical" phase . 532
533
The result for "dry" yield did not show a statistically significant result (7.4% decrease; 534 p=0.11) but it is a far from conclusive acceptance of the null hypothesis. This is a key result 535 for understanding the how the UK sugar beet industry needs to adapt to future climate 536 changes and work to determine what proportion of this yield decrease is linked to sugar 537 
